Part of the reason for rejecting aquatic environments as possible vectors for the transmission of Helicobacter pylori has been the preference of this microorganism to inhabit the human stomach and hence use a direct oral-oral route for transmission. On the other hand, most enteric bacterial pathogens are well known for being able to use water as an environmental reservoir. In this work, we have exposed 13 strains of seven different Helicobacter spp. (both gastric and enterohepatic) to water and tracked their survival by standard plating methods and membrane integrity assessment. The influence of different plating media and temperatures and the presence of light on recovery was also assessed. There was good correlation between cultivability and membrane integrity results (Pearson's correlation coefficient ‫؍‬ 0.916), confirming that the culture method could reliably estimate differences in survival among different Helicobacter spp. The species that survived the longest in water was H. pylori (>96 h in the dark at 25°C), whereas H. felis appeared to be the most sensitive to water (<6 h). A hierarchical cluster analysis demonstrated that there was no relationship between the enterohepatic nature of Helicobacter spp. and an increased time of survival in water. This work assesses for the first time the survival of multiple Helicobacter spp., such has H. mustelae, H. muridarum, H. felis, H. canadensis, H. pullorum, and H. canis, in water under several conditions and concludes that the roles of water in transmission between hosts are likely to be similar for all these species, whether enterohepatic or not.
Helicobacter pylori is a gram-negative, flagellated bacterium, closely related to Campylobacter spp. and capable of colonizing the gastrointestinal tract and causing disease in the human population (6) . While H. pylori research in the medical area has evolved at a fast pace during the last 20 years, there are surprisingly few studies on the ecological aspects of the bacterium outside the human host. As a consequence, the scientific community is still struggling to understand how the bacterium is transmitted, leading to delays in the design of prophylactic measures to counteract the large prevalence found in some human populations worldwide, in which up to 90% of individuals can be infected (3) .
The main view up to now has been that, as humans are the only known reservoir for H. pylori, the transmission of infection must be fecal-oral, gastric-oral, or oral-oral (3, 19) . Research on direct person-to-person transmission is, however, failing to provide enough evidence to account for all infected individuals. Therefore, external environmental reservoirs such as food, water, and domestic animals have been suggested to harbor the bacterium. To support this argument, there is a growing amount of data reporting the identification of the bacterium in these environments, with particular incidence in water, by molecular techniques (e.g., references 8, 10, 24, 26, 31, and 32) . Nevertheless, these routes of infection have been repeatedly dismissed on the basis that H. pylori loses its viability status very rapidly by transforming itself into a nonviable coccoid cell (9, 20) . Reflecting the lack of sufficient information about the bacterium's physiology in drinking water, the U.S. Environmental Protection Agency decided to maintain H. pylori on the second candidate contaminant list, which has recently been released (30) .
H. pylori is merely one of many related species that are known to colonize not only the gastrointestinal but also the hepatobiliary tracts of humans and other animals (28) . These Helicobacter species have been divided into two groups, the gastric and the enterohepatic, depending on the location of the body that each organism typically colonizes (28) . Like that of H. pylori, the preferred routes of transmission of these species between different hosts remain unidentified. Most other enteric bacterial pathogens, such as Salmonella spp., Shigella spp., and Escherichia coli, are recognized waterborne agents (21, 25) . Accordingly, all have longer durations of cultivability in water than H. pylori (25) .
In this work, the following hypothesis was devised: if only enterohepatic Helicobacter spp. are waterborne agents, then these bacteria should demonstrate longer durations of cultivability and viability in water than gastric Helicobacter spp. We have therefore exposed 13 strains of seven different Helicobacter spp. (both gastric and enterohepatic) and also two strains of Campylobacter jejuni to water and tracked their sur-vival by standard plating methods and membrane integrity assessment. To our knowledge, this is the first work in which the durations of cultivability and viability of non-pylori Helicobacter spp. in water have been assessed and compared.
MATERIALS AND METHODS
Culture maintenance. All H. pylori strains were maintained on Columbia agar (Biomérieux, Marcy l'Etoile, France) supplemented with 5% (vol/vol) defibrinated horse blood (Probiológica, Sintra, Portugal). Plates were incubated at 37°C in a CO 2 incubator (HERAcell 150; Thermo Electron Corporation, Waltham, MA) set to 10% CO 2 and 5% O 2 , and bacteria were streaked onto fresh plates every 2 or 3 days; the only difference in terms of culture maintenance between H. pylori and the other Helicobacter and Campylobacter species tested was that the latter were also grown on Campylobacter selective agar (CA; Sigma) supplemented with 5% (vol/vol) defibrinated horse blood. A list of all species used can be found in Table 1 .
Suspension preparation, inoculation, and cultivable cell counts. For all experiments, cells from 2-day-old cultures were harvested from Columbia blood agar (CBA) or CA plates, suspended in approximately 20 ml of autoclaved distilled water, and subjected to a vortex for 1 min for homogenization. The cell concentration was then assessed by determining the optical density (OD) at 640 nm, and the necessary volume of this initial inoculum was then used in order to obtain a final concentration of approximately 10 8 total cells/ml in 200 ml of autoclaved distilled water. The relationship between OD and total cell counts was previously established by performing microscopic cell counts and OD readings at several cell dilutions. Subsequently, 10-ml aliquots of the suspended cells were dispensed into each well of six-well tissue culture plates (Orange Scientific, Braine-l'Alleud, Belgium). The tissue culture plates were then placed in the dark inside an incubator (Shell Lab, OR) at various temperatures (15, 25, and 37°C) . The experiments at 25°C were also carried out in the presence of light, provided by a 15-W cool white lamp installed inside the incubator.
Species cultivability in the wells was determined by plating the appropriate dilutions (1:10 dilutions in distilled water) onto CBA in triplicate. Plates were incubated at 37°C for 3 to 7 days (depending on the species) under the same microaerophilic conditions used for culture maintenance. For the experiments assessing the influence of culture medium, cells were also harvested and plated onto CA. Each individual experiment was carried out three times.
Membrane integrity assessment. To assess the membrane integrity of the bacteria, the LIVE/DEAD BacLight kit (Molecular Probes, OR) was used (7). The two reagents (i.e., Syto9 and propidium iodide) were prepared according to the manufacturer's instructions and mixed in equal proportions. After exposure for 6 h in water, a sample of 100 to 200 l of the appropriate Helicobacter or Campylobacter sp. was filtered through a 25-mm black Nuclepore polycarbonate membrane with a pore size of 0.2 m (Whatman, Kent, United Kingdom). After filtration, cells on the membrane were stained with the mixture described above (300 l per sample) and the membrane was incubated for 15 min in the dark. Cells were visualized under an epifluorescence microscope (BX51; Olympus Portugal, Lisbon) equipped with a charge-coupled device camera (DP71; Olympus Portugal) and a filter block that simultaneously detected the two components of the mixture. A total of 15 fields with an area of 0.0144 mm 2 were subjected to counting using image analysis software, and the average result was used to calculate the total number of cells per milliliter of sample. The experiment was performed in triplicate.
Statistics. In cultivability assessments, the datasets for most strains did not follow a normal distribution, even after the application of different types of transformations to the original data. Therefore, the symmetry of the results, calculated as the skewness/standard-error ratio, was assessed. According to Glass and Hopkins (14) , if the above-mentioned ratio lies within the interval (Ϫ2, 2), parametric tests may still be applicable. As this was not the case, the nonparametric Kruskal-Wallis test was used, followed by a Tukey-based posthoc analysis, in which rank sums are used instead of means to calculate a q value, as described by Zar (33) . Differences in the results were considered statistically significant if the q value was higher than the critical value of the q distribution for a significance level of 95%.
For the hierarchical cluster analysis (HCA), the area under the curve for each separate experiment was calculated by the trapezium rule, meaning that three areas were obtained for each strain and condition. The average area was then used as a single variable to perform the HCA by applying the nearest-neighbor method as a clustering method and the squared Euclidean distance as a similarity measure. Values were transformed by Z scores for standardization.
All calculations were performed by using either the statistical package SPSS (SPSS Inc., Chicago, IL) or Microsoft Office Excel (Microsoft Corporation, Redmond, CA).
Confirmative procedures. To confirm the identities of H. pylori strains, hybridizations with a specific peptide nucleic acid probe for 16S rRNA were performed as described by Guimarães et al. (15) . The identity of the other Helicobacter and Campylobacter spp. was confirmed by 16S rRNA sequencing.
RESULTS
Comparison of durations of cultivability of different Helicobacter and Campylobacter spp. The cultivable cell counts obtained for all species can be observed in Fig. 1 . H. felis was the species by far the most sensitive to water, loosing its cultivability between 6 and 10 h after the start of exposure. The sensitivity of H. felis to water was noticeable even at time zero. In fact, only 0.01% of H. felis cells were cultivable at this point, which contrasts with the approximately 10% proportion of cultivable cells obtained for all other species. To ensure that this low degree of initial cultivability was not related to the physiological state of H. felis when it was scraped from the plates, the bacterium was also scraped after 1 and 3 days, with similar results being obtained. All other species were able to remain cultivable for more than 24 h. Of these, the two strains of H. mustelae and also H. pullorum lost cultivability between 24 and 48 h, whereas only H. pylori was able to remain cultivable until the end of the experiment. Surprisingly, C. jejuni strains in this study were slightly more sensitive than H. pylori. Apart from the results for the less resistant H. felis and two less susceptible strains of H. pylori (NCTC 11637 and 968), which were statistically significant compared to those for any of the other strains, there were no statistically different results. Interestingly, H. pylori NCTC 11637 was acquired from a culture collection, whereas H. pylori 968 is a fresh clinical isolate, and the other H. pylori strains tested included two strains from culture collections and two fresh clinical isolates. It appears that, in this experiment, continued culture in artificial environments had little or no impact on times of survival in water. A summary of the statistical analysis of these data is shown in the supplemental material (see Table SA1 ). HCA and the phylogenetic tree. From the dendrogram obtained after HCA, it can be observed that H. felis was placed alone in a separate group (Fig. 2, top panel) . Among the remaining bacteria, two distinct groups could be identified: all H. pylori strains belonged to the same group, together with the two strains of C. jejuni, whereas H. mustelae, H. canadensis, H. muridarum, H. canis, and H. pullorum were placed in the other group. For the construction of the phylogenetic tree (Fig. 2, bottom panel), 16S rRNA sequences from all species were aligned using ClustalW (12) . By analyzing the phylogenetic tree, it can be observed that not all enterohepatic Helicobacter species were clustered together, but the grouping of species is still markedly different from the one obtained by HCA. Both H. pylori and H. mustelae had strains clustered in the two different major groups.
Influence of culture media on the survival of Helicobacter spp. One obvious concern in this work was how to compare the lengths of survival in water among different species of bacteria. Consequently, a comparison between recovery from CBA and that from CA was performed for all Helicobacter and Campylobacter spp. apart from H. pylori (Table 2) . Overall, it appeared that the influence of the medium was limited, as statistical analysis was unable to disclose significant differences between results for the two media (see Table SA2 in the supplemental material). The suitability of CBA for comparing viability data among different Helicobacter spp. was further confirmed by membrane integrity assessment (Fig. 3, top  panel) . Of the six strains tested, the H. felis strain exhibited the highest percentage of cells with damaged membranes, with only 1.5% of the H. felis cells presenting an intact membrane after 6 h. In contrast, propidium iodide was able to penetrate only approximately 50% of the cells of C. jejuni and both strains of H. pylori. These data were correlated with the values obtained by the cultivability assessment, and a Pearson's correlation coefficient of 0.916 was obtained, showing that both methods are reasonably in agreement when evaluating the survival of Helicobacter (and also Campylobacter) spp. in water (Fig. 3, bottom panel) .
Influence of light and temperature on the cultivability of Helicobacter spp. In the experiments performed at 25°C but under light exposure, all Helicobacter and Campylobacter spp. tested lost their cultivability within 24 h of water exposure (see Fig. SA2 in the supplemental material) . H. felis was once more the most sensitive bacterium, but all species appeared to be more susceptible to these conditions than to those in which no light was present (Table 3) . Nevertheless, statistically significant results were obtained only for H. pylori NCTC 11637.
Results obtained for growth at different temperatures are shown in Fig. 4 . As can be observed by comparing Fig. 4 and 2, differences in growth at 15 and 25°C were not very large, and this lack of major differences contrasts with the noticeably shorter durations of cultivability obtained at 37°C. The statistical analysis confirmed this pattern, as results obtained at 37°C for all strains, except H. felis, were significantly different from those obtained at 15 and 25°C.
DISCUSSION
When comparing the times of survival in water among different species, it is essential to ensure that the values obtained are not greatly affected by external factors, such as different initial physiological states of the cells and different performances of the recovery media in relation to different species. As nearly all Helicobacter and Campylobacter spp. populations included cultivable cells at a level of approximately 10% in relation to the total cells at time zero, the physiological states of these species at the beginning of the experiment were considered to be similar. The only exception was H. felis, with only 0.01% of the total cells being cultivable. For this species, the experiment with inoculums of different ages showed that no matter the age of the inoculum, the initial degree of cultivability of the species remained low. Because this low-level cultivability may still be due to the inadequacy of the plating medium for the recovery of this bacterium, an alternative medium was also tested. In fact, whereas H. pylori is usually grown on CBA, many of the other Helicobacter and Campylobacter species use alternative culture media such as CA (28) . Consequently, the experiment was extended to all non-H. pylori species. Differences were not statistically significant for any species, which implies that CBA could be used as an alternative plating medium to recover Helicobacter spp. not only for this work but also for other applications such as clinical isolation.
Despite the similar performances of CBA and CA, an independent method that could assess if the medium was equally suited to recover all bacteria was needed. Despite a few differences in morphology among Helicobacter species (28), we have postulated that membrane structures of the different species would be similarly permeable to propidium iodide. In fact, less phylogenetically similar species such as E. coli, Salmonella enterica, and Shigella flexneri previously showed the same sequence pattern of staining properties with this dye (5). The good correlation coefficient obtained for cultivability and membrane integrity approaches validates both methods to assess Helicobacter and Campylobacter spp. survival in water and confirms that our initial assumptions were correct.
A few studies have already determined the durations of cultivability of H. pylori in water at different temperatures (1, 4, 27) . These other studies have reported a loss of cultivability at around 25°C within 48 h, which contrasts markedly with the durations of cultivability of more than 196 h reported for some of the H. pylori strains in this study. By using a range of fresh a Data represent the values of the area under the curve of cultivability over time as calculated by the trapezium rule. The cultivability, over time, of the strains diluted in water and plated onto CA is shown in Fig. SA1 in the supplemental material. clinical isolates, we have ensured that this effect was not due to the adaptation of type strains to laboratory conditions (23) . In terms of water exposure of H. pylori, the main differences between this study and another performed earlier by our group (4) were that this time the exposure occurred in the absence of daylight and agitation and that we started with a 1-log-higher inoculum concentration. Hamblin et al. have showed that H. pylori is sensitive to visible light and have even suggested that phototherapy may be used to treat infection in the human stomach caused by this pathogen (16) . When we repeated the above-mentioned experiment but this time with a 15-W white lamp turned on, cultivability times for H. pylori decreased back to 10 to 24 h. All other species of Helicobacter appeared to be equally affected by light, suggesting that this response is uniform among the members of the genus.
Another surprising result was the similarity of the observed cultivability characteristics of H. pylori and C. jejuni. Of the enteric waterborne pathogens, C. jejuni is perhaps one of the most sensitive to water, with a duration of cultivability of about 120 h at 25°C (e.g., reference 29), which even so is approximately double the standard duration of cultivability observed for H. pylori in water. In the previous study of C. jejuni cultivability, the medium used to cultivate C. jejuni was Karmali agar, which was not tested in the present work. Because membrane integrity assessment results appear to show that CBA reflects what is truly happening in terms of cell viability for all species, a possible explanation for this discrepancy is that the stage of development of culture media for C. jejuni is simply more advanced than that for H. pylori. This possibility makes all the more sense if we bear in mind that research on culture medium for H. pylori is a relatively new area compared to that for C. jejuni.
To gain clarity and to facilitate the comparison of the results obtained, the data on the influence of light and culture medium were presented as cultivability areas instead of the original graphics of cultivability over time. We are, however, aware that some information is lost, such has how long the bacterium remains cultivable and whether cultivability decreases throughout the experiment or if the decrease happens mostly at the end. Therefore, if this strategy is to be used, the original graphics should always appear as supplementary information.
This study also demonstrated that an increase in temperature has a negative effect on all species tested. Shahamat et al. long ago observed this effect on H. pylori (27) , a result that was subsequently confirmed by Adams et al. (1) . A similar result was also obtained previously for C. jejuni (29) . In our case, differences between 15 and 25°C were not significant, but a clear decrease in survival time at 37°C could be observed.
The lack of correspondence between the HCA results and the phylogenetic tree based on 16S rRNA sequences appears to indicate that there is no correlation between the duration of cultivability in water and phylogeny. However, recent reports have suggested that 16S rRNA gene sequence data analyses do not faithfully reflect phylogenetic relationships for the genus Helicobacter (e.g., reference 13). A phylogenetic analysis of Helicobacter species based on partial gyrB gene sequences has therefore been performed previously and has identified two distinct clusters, one formed by gastric species and the other mostly by enterohepatic species (17) . Interestingly, the only exception was the gastric species H. mustelae, which clustered The expansion of this work to more strains of the other species may allow us to further sustain this conclusion. While most of the scientific community remains skeptical about a role for water in H. pylori transmission, the closely related Arcobacter and Campylobacter bacteria have long been shown to survive under such conditions (18, 22) . The ultimate proof for these two microorganisms to be considered waterborne was based on their consistent recovery from real water microenvironments, a situation that remains elusive for H. pylori. The lack of recovery of H. pylori from the environment has been associated with the transformation of this microorganism into a coccoid morphology when exposed to water. For many years, researchers considered that this shape was a manifestation of cell death; however, recent reports demonstrated that coccoid morphology in fact corresponds to an active, biologically led process, switched on by the bacterium as a protection mechanism (2, 11).
Conclusions. As enteric bacteria are usually associated with waterborne outbreaks, we reasoned that enterohepatic Helicobacter spp. might exhibit longer survival in water than H. pylori. By showing that the survival of members of the Helicobacter genus in water is unrelated to the enterohepatic or gastric nature of Helicobacter spp., this work establishes that the roles of water in transmission are likely to be similar for all species and adds to the view that water may have a part in H. pylori transmission. Future work on the transmission of Helicobacter spp. in water may now focus on one bacterial species (whether enteric or gastric) and more confidently extend the conclusions to the remaining species.
